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Modeling Trench Sidewall and Bottom Flow in On-Site
Wastewater Systems
S. D. Finch1; D. E. Radcliffe2; and L. T. West3
Abstract: Little is known about how much wastewater infiltrates the soil via the trench sidewall versus the trench bottom in onsite
wastewater systems. Our objectives were to develop a method of simulating trench bottom and sidewall flow using a two-dimensional
numerical computer model that would include the trench within the model space and determine how much sidewall flow would occur
under steady-state conditions. We used HYDRUS-2D to simulate water flow in a two-dimensional cross section of a conventional
gravel-filled trench and the surrounding drainfield. Hydraulic properties of the gravel were assumed saturated hydraulic conductivity
Ks=1,000 cm d−1 and simulations were run for drainfield soils consisting of a clay loam Ks=3.2 cm d−1 and a sand Ks=41 cm d−1.
Biomats were simulated at the bottom of the trench and part way up the trench sidewall Ks=0.2 to 2.8 cm d−1 depending on the
simulation. Typical wastewater loading rates for Georgia of 2 and 4 cm d−1 for the clay loam and sand, respectively, were simulated in
three daily doses of 1.4 min in length. Simulations were run until the water level in the trench reached a dynamic equilibrium, as indicated
by a repeating pattern of water level daily changes. The method we developed predicted the water level in the trench instead of specifying
it as a boundary condition, as has been done in previous modeling studies. In the clay loam soil, we found that the water level in the trench
at steady conditions averaged a depth of 9.5–10.9 cm and that 29–31% of the total flow occurred through the sidewall. In the sand soil,
we found that water did not pond in the trench and there was no sidewall flow. Much of the sidewall flow in the clay loam soil appeared
to be in the “lip” area just above the maximum height of the sidewall biomat. Our results show that sidewall flow is important, but not
as high as others have estimated.
DOI: 10.1061/ASCE1084-0699200813:8693
CE Database subject headings: Numerical models; Septic tanks; Unsaturated soils; Wastewater management; Trenches; Water flow;
Infiltration.
Introduction
Drainfield trenches in on-site wastewater systems OWSs are
used to distribute septic tank effluent over an area of soil and
allow it to infiltrate into the soil. Thus, hydraulic properties of the
soil, which are relatively easy to measure or estimate, are used to
size the drainfield. Numerous studies have shown, however, that
the wastewater infiltration rate in drainfield trenches declines dur-
ing the first few years after installation. This decline is attributed
to the formation of a low conductivity “biomat” at the soil-trench
interface, which impedes infiltration but is a zone of intense mi-
crobial activity and important in purifying wastewater van Cuyk
et al. 2001, 2004. The final steady wastewater infiltration rate is
often referred to as the long-term acceptance rate LTAR units
of volume per area of trench infiltration surface per time and an
estimate of this value is used to evaluate the suitability of soils for
installing OWS, and determine the drainfield size needed to ac-
commodate design wastewater flow.
Although regulations vary among states, only the basal area of
the drainfield trenches typically is used in determinations of
drainfield size. The sidewall infiltrative area is commonly re-
served as a safety factor, since wastewater would only move
through the sidewalls if it was ponded in the trench. Wastewater
ponding in the trenches of functioning OWSs has been reported,
however Bouma 1975; Keys et al. 1998.
Little is known about how much wastewater infiltrates the soil
via the trench sidewall versus the trench bottom. Bouma 1975
investigated the trenches of 13 mature OWSs in Wisconsin. He
found that biomats extended only part of the way up the sidewall.
He estimated sidewall and bottom flux by measuring the depth of
ponding in each trench all systems had wastewater ponded to
some depth and the soil matric potential head just below the
trench and to the side of the trench using tensiometers. The equa-
tion for vertical flow was given in Bouma 1975
Qb = Qs
− Kb
dH
dz
= − Kh
dH
dz
Kb
h0 − hs + Zb
Zb
= Khsdhdz + 1
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Kb
h0 − hs + Zb
Zb
= Khs 1
This equation assumes that under steady flow conditions, the ver-
tical flux through the bottom biomat Qb in cm d−1 is equal to the
vertical flux through the soil Qs in cm d−1 immediately beneath
the biomat. The total water potential head is H in cm; z is distance
in cm; Kbhydraulic conductivity of the biomat unsaturated or
saturated depending on the pressure head within the biomat in
cm d−1; and Khunsaturated hydraulic conductivity of the soil
in cm d−1. The gradient in the biomat flux term includes the height
of water ponded in the trench h0 in cm, the matric potential head
in the soil just beneath the biomat hs in cm, and the thickness of
the biomat Zb in cm. The gradient in the soil flux term includes
a term for change in matric potential head with depth dh /dz and
a unit gradient term for the effect of gravity. Bouma 1975 as-
sumed that matric potential head would be constant with depth for
at least a short interval beneath the biomat dh /dz=0, based on
his measurements of soil matric potential within cores where a
crust was applied. Hence, the flux through the biomat and soil is
equal to the unsaturated hydraulic conductivity of the soil at the
matric potential head just beneath the biomat hs, as shown in
Eq. 1.
To calculate sidewall flow, Bouma et al. 1972 also assumed a
unit gradient for horizontal flow, which is not a common assump-
tion. The equation for sidewall flux was not given, but using the
same assumptions of steady flow through the sidewall biomat and
soil immediately adjacent to the biomat, the equation is
Qb = Qs
− Kb
dH
dx
= − Khs
dH
dx
Kb
h0 − hs
Zb
= Khs
dh
dx
Kb
h0 − hs
Zb
= Khs 2
where xhorizontal distance in cm; h0height of ponding in the
trench in cm above the point where the sidewall flux is estimated;
and hsmatric potential head in cm in the soil immediately adja-
cent to the sidewall biomat Fig. 1. Unlike Eq. 1, the gradient
in the biomat flux does not include the thickness of the biomat
Zb in the numerator. Instead of assuming that the matric poten-
tial head does not change with distance, Bouma assumed it would
change at a rate of 1 cm per cm dh /dx  =1, based on his mea-
surements with tensiometers near the sidewall of several of the
trenches in his study although there were only 2–3 tensiometers
adjacent to the sidewalls at each site where measurements were
made. Since there is no effect of gravity on horizontal flow, the
net effect is again that steady flux through the biomat and soil is
equal to the unsaturated hydraulic conductivity of the soil at the
matric potential head immediately adjacent to the biomat hs, as
shown in Eq. 2 and Fig. 1.
With these assumptions, Bouma 1975 estimated that bottom
and sidewall fluxes were similar in magnitude and that approxi-
mately 48% of the total flow out of the trench occurred through
the sidewall. Despite the high percentage, Bouma 1975 recom-
mended that sidewall flow not be considered in estimating LTAR
except in low conductivity clays where he estimated about one-
third of the flow would be through the sidewall. The reason for
excluding coarse textured soils may have been to ensure that
water was adequately treated in these soils before reaching
groundwater.
Bouma 1975 also used Eq. 1 to estimate the LTAR of a
mature system. Assuming values for the thickness Zb and hy-
draulic conductivity Kb of the biomat and knowing the soil un-
saturated hydraulic conductivity function Kh, Eq. 1 can be
solved iteratively to find the value of hs that makes the flux
through the biomat and soil equal or it can be done graphically
by plotting the two fluxes as a function of hs and finding the value
of hs where the curves cross each other. Once this value is
known, the LTAR is equal to Khs. The Bouma 1975 approach
only considered flow through the bottom to determine the LTAR.
Ignoring sidewall flow in determining the LTAR may be a way to
build in a “safety factor,” but the size of the safety factor is
unknown. Alternatively, the sidewall flow component of the
LTAR might be calculated if a method was available and a
known safety factor applied.
Keys et al. 1998 proposed that sidewall biomats only extend
to the average height of ponding in the trench. They also proposed
that as the trench ages, the bottom and sidewall biomats become
less conductive, the ponding height increases, and a significant
portion of wastewater flows into the soil through the sidewall.
They divided the sidewall into three regions: the lower section
contains a fully developed biomat, above this is a short section
with a poorly developed biomat the “lip” area, and above the lip
to the top of the sidewall is a section with no biomat. As ponding
depth increases over time, the height of the sidewall biomat
increases and failure occurs once the biomat extends all the way
to the top of the sidewall. Keys et al. 1998 measured infiltration
rates in two mature trenches in a sand under a falling head. From
these infiltration rates, they estimated fluxes through the bottom,
sidewall biomat, sidewall lip, and the area above the sidewall
lip. It is not clear from the paper how they divided the total
infiltration rate into these different components. Presumably, they
calculated infiltration rates at different heights of ponding, start-
ing with the lowest ponding height where flow could be consid-
ered through the bottom only and estimating the sidewall
components from the additional flow that occurred at greater
ponding heights and perhaps adjusting for the effect of ponding
height on flow through the bottom using Eq. 1. They concluded
that flow through the sidewall biomat and lip area could account
for 60 to 90% of the total flow out of the trench. If the ponding
level in the trench rose high enough, flow through the sidewall
Fig. 1. Cross section of a trench showing the components of lateral
flow in Eq. 2: Qb is flux through the sidewall biomat; Qs is flux
through the soil; h0height of ponding in the trench above the point
where the sidewall flux is estimated; and hsmatric potential in the
soil immediately adjacent to the sidewall biomat
694 / JOURNAL OF HYDROLOGIC ENGINEERING © ASCE / AUGUST 2008
above the lip area increased total sidewall flow to 97–99% of the
total flow.
Beach and McCray 2003, Beal et al. 2008, and Bumgarner
and McCray 2007 have used HYDRUS-2D, a two-dimensional
numerical model developed by Šimúnek et al. 1998, to study
water flow in OWSs. Radcliffe et al. 2005 also used HYDRUS-
2D to compare infiltration in conventional gravel-filled trenches
with chamber systems that do not use gravel. Simulations were
conducted with and without sidewall flow. In the simulations that
considered sidewall flow, the trench bottom and sidewall formed
part of the boundary of the model space and an arbitrary, constant
level of wastewater in the trench was chosen 5 cm of ponded
water. A better way to simulate sidewall flow would be to in-
clude the trench as part of the model space and let the simulation
determine what the level of wastewater would be. The level
would depend on the amount of water entering the trench through
the drain line and the amount infiltrating the soil through the
trench bottom and sidewall.
The objectives of this study were threefold: 1 to develop a
method of simulating OWS bottom and sidewall flow that would
include the trench within the model space; 2 to determine how
much sidewall flow would occur in a coarse- and fine-textured
soil under steady-state conditions representative of the LTAR;
and 3 to compare the numerical estimates of sidewall flow to the
Bouma 1975 simple method of estimating sidewall flow. In this
paper, we use the term “sidewall” to include all areas of the ver-
tical trench face so it includes the lower sidewall where a biomat
is present, the “lip” area immediately above the biomat where
much of the flow is thought to occur, and the area above the lip
extending to the top of the sidewall. This is consistent with the
terminology used by Bouma 1975 but in contrast to the termi-
nology used by Keys et al. 1998 who used sidewall to refer to
the biomat area only.
Materials and Methods
We used HYDRUS-2D to model two-dimensional water flow
in variably saturated soil Šimúnek et al. 1998. HYDRUS-2D
is a finite-element model that uses a numerical solution to the
Richards 1931 equation. Various equations are available in the
model for describing the soil water retention and unsaturated
hydraulic conductivity functions of each soil layer. We used the
van Genuchten 1980 equation for the water retention curve
 = 1 + hn−m 3
where , m, and nfitted parameters and it is assumed that
m=1−1 /n. Relative water content  is defined as
 =
 − r
s − r
4
where volumetric water content cm3 cm−3; ssaturated
volumetric water content cm3 cm−3; and rresidual volumetric
water content cm3 cm−3. We used the unsaturated hydraulic con-
ductivity function Kh from van Genuchten 1980 as well
Kh = Ks0.51 − 11 −1/mm2 5
where mfitted parameter from Eq. 3; and Kssaturated hy-
draulic conductivity in cm d−1.
Finch 2006 measured soil and biomat properties of seven
OWSs in Georgia. The soil properties were measured on the ho-
rizon in which the drainfield trench was installed. We selected
two sites from this study for soil and biomat properties in our
simulation. One site was in the Georgia piedmont where the
trench bottom was in a clay loam textured BC2 horizon. The other
site was in the coastal plain where the trench bottom was in a
sand textured Bh horizon. The piedmont system was 7 years old
and the coastal plain system was 10 years old. Both OWSs used a
chamber system. Measurements of particle size distribution, bulk
density, and Ks of the natural soil and biomat were made at each
site Finch 2006.
Water retention and unsaturated hydraulic conductivity param-
eters for Eqs. 3–5 were predicted using HYDRUS-2D’s neural
network and Rosetta database Schaap 2001. Particle size distri-
bution, bulk density, and Ks measured for the sites were input and
the parameters n, , s, and r were derived from the database
Table 1. Finch 2006 sampled sidewalls to a height of about
12 cm above the trench bottom. Biomats were present on the
sidewall to this height and she did not find any significant differ-
ence in Ks of sidewall and bottom biomats. In our simulations, we
tested two scenarios for each soil: one in which the sidewall and
bottom biomat had the same Ks and one in which the sidewall
biomat had twice the Ks of the bottom biomat Table 1. For the
gravel in the trench, we used water characteristic curve param-
eters that would result in a steep moisture release curve, high Ks
1,000 cm d−1, low residual water content r=0.05 cm3 cm−3,
and a saturated water content based on half the pore space being
filled with gravel s=0.50 cm3 cm−3. Accurate modeling of
water flow through gravel in our case was difficult for several
reasons: 1 the steep moisture release curve caused numerical
instabilities, 2 the large difference in hydraulic properties such
as Ks between the gravel and soil/biomats also caused numerical
instabilities, and 3 turbulent flow is more likely in gravel and
the Richards equation does not account for turbulent flow.
The drainfield and trench were modeled in a cross section with
one axis vertical and the other horizontal Fig. 2. One-half of the
Table 1. Water Retention and Hydraulic Conductivity Parameters for the Model Simulations
Porous media
Ks
cm d−1 n

cm−1
r
cm3 cm−3
s
cm3 cm−3
Clay loam 3.2 1.52 0.01 0.08 0.46
Bottom biomat for clay loam 0.2 1.52 0.01 0.08 0.46
Sidewall biomat for clay loam 0.2 or 0.4a 1.52 0.01 0.08 0.46
Sand 41 2.22 0.03 0.05 0.32
Bottom biomat for sand 1.4 2.22 0.03 0.05 0.32
Sidewall biomat for sand 1.4 or 2.8a 2.22 0.03 0.05 0.32
Trench gravel for clay loam and sand 1,000 2.80 1.75 0.05 0.50
aSidewall biomat Ks was assumed to have the same value or twice the value of the bottom biomat in simulations.
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drainfield was used for the model space, assuming the middle of
the trench would be an axis of symmetry and form a no-flux
boundary on the left side of the model space. The model space
was 180 cm in the horizontal dimension. This placed the right
boundary sufficiently distant from the trench that a wetting front
never reached this boundary a no-flux boundary condition was
imposed. The model space was 190 cm in the vertical dimension
with the trench bottom placed 130 cm below the soil surface,
which would be a typical installation in Georgia. The soil surface
formed the top of the model space and was treated as a no-flux
boundary. The trench was 45 cm in width half that of a full
trench and 30 cm in depth. Georgia regulations require that
drainfield trenches be at least 61 cm above the seasonal water
table so we placed the trench bottom 63 cm below the trench and
imposed a boundary condition of a constant head of zero to simu-
late a water table at the bottom of the model space. The surround-
ing soil was modeled as either a clay loam or sand with the soil
hydraulic properties shown in Table 1.
The trench was simulated to be filled with gravel and an
8 cm diam distribution pipe was installed 19 cm above the trench
bottom Fig. 2. We assumed the sidewall biomat extended to a
height of 12 cm above the trench bottom because this was the
height to which Finch 2006 sampled sidewalls and found bio-
mats present they may have extended higher than this height but
probably not to the top of the sidewall. Although measurements
by Finch 2006 indicated the biomat thickness in these soils was
less than 0.8 cm thick, a biomat thickness of 3 cm was used for
model simulations in order to increase the number of nodes
within the biomat and improve the accuracy in predicting waste-
water flow. The biomat hydraulic conductivity was increased
from that measured at the sites such that the biomat hydraulic
resistance Rb=Zb /Kb remained the same as that measured for
the sites Rb of 15.6 and 2.2 d and a Kb of 0.2 and 1.4 cm d−1 for
the clay loam and sand sites, respectively.
A total of 4,700 nodes were used in the model space with the
densest network of nodes in the trench and biomat areas. The
number and distribution of nodes were chosen through a process
of trial and error to find the combination that would result in a
numerical solution that converged and a water balance error of
less than 1% at all time steps.
The wastewater loading rate was 2 cm d−1 for the clay loam
and 4 cm d−1 for the sand, applied in three equal doses during the
day at 8 am, 2 pm, and 8 pm. The loading rates are typical loading
rates used for soils with properties similar to these in Georgia.
The doses were simulated by applying a time-varying flux bound-
ary condition along the nodes that formed the distribution pipe
boundary Fig. 2. Dosing times were chosen from the frequency
pattern of a single-family residence USEPA 2002. Each dose
lasted 0.001 day 1.44 min and the instantaneous fluxes during
the pulse were 2,000 cm d−1 for the clay loam and 4,000 cm d−1
for the sand. During the period between doses, the nodes along
the drain pipe boundary were treated as a no-flux boundary.
The initial conditions were a distribution of matric potential
heads such that all nodes were at equilibrium with the water table
at the bottom of the model space so there was no driving force
for water flow other than wastewater entering through the distri-
bution pipe. In HYDRUS-2D, observation nodes can be identi-
fied so that pressures at that node during simulations can be an
output. We placed an observation node in the trench at the top of
the bottom biomat midway between the left boundary and the
trench sidewall. We used this observation node to measure pres-
sure at the bottom of the trench, which when it was positive,
indicated the level of wastewater ponded in the trench.
HYDRUS-2D calculates the flux across all external boundaries
and will calculate the flux across internal lines if they are speci-
fied. We specified lines that represented the boundaries of the
trench bottom and sidewall. Since the calculations were done in a
two-dimensional space, the flux is reported as the volume of
water that flowed across a width of trench bottom or sidewall per
unit time and per unit longitudinal length of trench units of
cm3 cm−1 d−1=cm2 d−1.
There were four model simulations. One simulation for each
site clay loam and sand used the same Ks for the trench bottom
and sidewall biomats. The other two simulations assumed that the
sidewall biomat Ks was twice that of the trench bottom Table 1.
Model simulations were run until total water levels in the trench
reached a quasi-steady state.
Results and Discussion
Clay Loam Simulations
The water level in the trench of the clay loam simulations is
shown in Fig. 3 for two scenarios: one for the sidewall and bot-
Fig. 2. Model space and boundary conditions for simulations Fig. 3. Water level in the trench of the clay loam and sand
simulations as a function of time for two scenarios: sidewall and
bottom biomat Ks the same, and sidewall Ks twice that of bottom
biomat
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tom biomat Ks the same, and one for the sidewall biomat Ks twice
that of the bottom biomat. Water levels were about 2 cm higher in
the scenario where the sidewall and bottom biomat Ks were the
same. The level fluctuated three times each day in response to the
doses, but the overall trend was a rise in levels until about day 12.
After that time, the water level reached a quasi-steady state, rising
in response to the doses, and reaching a peak after the third dose,
then returning to the original minimum level just before the first
dose of the following day.
Volumes of flow per unit length of trench in and out of the
trench were calculated for a one-day period from 15.3 to 16.3
days to get daily flow at quasi-steady state Table 2. Calculations
are for half the trench width and a longitudinal length of trench of
1 cm. For the clay loam soil with the same Ks for bottom and
sidewall biomats, the total inflow to the trench through the drain
pipe was 90 cm3 dividing by the bottom area for the half-trench,
45 cm2, gave the intended daily waste application load of 2 cm.
Summing the volumes of flow out of the trench bottom, entire
sidewall, and trench ceiling, the total outflow from the trench for
this simulation was 90.5 cm3, which was 101% of the input vol-
ume Table 2. For the clay loam soil with the sidewall biomat Ks
twice that of the bottom biomat, the total outflow from the trench
was 88.5 cm3, which was 98% of the input volume. The close
agreement between inflows and outflows confirmed that a steady-
state condition had been reached in these simulations.
For the clay loam soil with equal sidewall and bottom biomat,
64.3 cm3 71% of the total outflow flowed through the bottom of
the trench and 26.2 cm3 29% of the total outflow passed through
the trench sidewall Table 2. The total, bottom, and sidewall
flows out of the trench as a function of time for this scenario are
shown in Fig. 4 for a two-day cycle from 14.3 to 16.3 days. The
units for flow are volume of outflow per unit longitudinal length
of trench per unit time, hence, cm2 d−1. Flow through the bottom
was relatively constant at approximately 62 cm2 d−1. Flow
through the sidewall varied substantially from 17 to 36 cm2 d−1
and caused total outflow to vary between 79 and 101 cm2 d−1.
Increased flow through the sidewall coincided with increases in
water levels in the trench also shown in Fig. 4, which varied
between 9.9 and 11.7 cm mean of 10.9 cm. The increase in
sidewall flow was due in large part to flux of water just above the
sidewall biomat when the water level rose to near or above the
level where the biomat ended the region referred to as the side-
wall biomat “lip” by Keys et al. 1998. This can be seen in
Fig. 5 where velocity vectors in the trench area are shown for the
clay loam with equal sidewall and bottom biomat Ks at a time of
15.85 days 8:24 pm.
For the clay loam soil with sidewall biomat Ks twice that of
the bottom biomat, 61.2 cm3 69% of the total outflow flowed
through the bottom of the trench and 27.3 cm3 31% of the total
outflow passed through the trench sidewall Table 2. The slight
increase in sidewall flow was expected because the sidewall
biomat had a higher Ks in this scenario compared to the earlier
scenario with equal sidewall and bottom biomat Ks. The total,
bottom, and sidewall flows out of the trench as a function of time
for this scenario are shown in Fig. 6. Flow through the sidewall
varied from 22 to 34 cm2 d−1 and caused total outflow to vary
between 81 and 97 cm2 d−1. This is a slightly narrower range than
for the simulation with the same Ks for bottom and sidewall
biomats Fig. 4, but the pattern was quite similar between these
scenarios. Increased flow through the sidewall again coincided
Table 2. Calculated Volume of Wastewater Flowing into and out of the Trench Averaged over a 24-h Period during the Time from 15.3 to 16.3 Days from
Four Model Simulations; Calculations Are for Half the Trench Width and a Longitudinal Length of Trench of 1 cm
Model run Sidewall biomat Ks
Drain pipe
inflow
cm3
Sidewall
outflow
cm3
Bottom
outflow
cm3
Total outflow
cm3 %
Clay loam Equal to bottom biomat Ks 90.0 26.2 64.3 90.5 101
Twice bottom biomat Ks 90.0 27.3 61.2 88.5 98
Sand Equal to bottom biomat Ks 180.0 0.0 179.2 179.7 100
Twice bottom biomat Ks 180.0 0.0 179.2 179.2 100
Fig. 4. Total flow out of the trench, flow out of the trench bottom,
and flow out of the trench sidewall in the clay loam soil with equal
trench bottom and sidewall Ks during a two-day cycle from 14.3 to
16.3 days. Flow is given in volume per unit longitudinal length of
trench per day. Water level in the trench is also shown.
Fig. 5. Velocity vectors showing direction and magnitude indicated
by length of flow in the trench area at a time of 15.85 days for the
clay loam with equal sidewall and bottom biomat Ks. Flow enters the
trench via the drain pipe on the left and flows out of the trench
through the bottom and sidewall. Much of the sidewall flow occurs in
the area just above the sidewall biomat on the right.
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with increases in water levels in the trench, which varied between
8.9 and 10.7 cm mean of 9.5 cm. In this case, more flow
through the sidewall occurred as the water level rose because
more sidewall area was exposed and the sidewall biomat was
more conductive than the bottom biomat. More flow also oc-
curred because of flow above the sidewall biomat, in spite of
the fact that the water level in the trench never exceeded the
height of the sidewall biomat 11 cm above the bottom of
the trench. This flow may be an artifact of the water character-
istic curve parameters of the simulated gravel filling the trench
Table 1. The curve for the gravel at the very wet end matric
potential head between 0 and −6 cm is shown in the top graph
in Fig. 7. The curves for the biomat and clay loam are the same
since they had the same water characteristic curve parameters
Table 1 and they are approximately equal to the saturated water
content s=0.46 cm3 cm−3 in this range of matric potential.
Ideally, the curve for gravel should be flat and equal to the small
value for residual water content r=0.05 cm3 cm−3 for all nega-
tive matric potentials and rise to saturation abruptly at positive
pressures. This would require  and n to be very large. We used
the largest value of  and n that resulted in convergent numerical
solutions =1.75 cm−1 and n=2.80; Table 1. As a result, the
unsaturated hydraulic conductivity function for the gravel ex-
ceeded that of the clay loam once matric potential rose above
about −2 cm bottom graph in Fig. 7. The effect of this was that
a capillary fringe was present in the gravel layer that allowed
water to flow above the biomat whenever the water level in the
trench rose to within about 1.5 cm of the top of the sidewall
biomat. As such, our simulations may have overestimated side-
wall flow.
Sand Simulations
A consistent pattern of water levels in the trench was reached
after only three days in the sand simulation compared to 13 days
in the clay loam simulations due to the higher hydraulic conduc-
tivity of the sand Fig. 3. Water ponded at the observation point
midway between the trench center line and the sidewall for
short periods of time after each dose but the water level dropped
to zero before the next dose. There was no difference in height
between the simulation with equal sidewall and bottom biomat Ks
and the simulation with the sidewall biomat Ks twice that of the
bottom biomat.
Steady-state measurements of flow in and out of the trench
were made during the interval 15.3 to 16.3 d to be consistent with
the clay loam simulation. Of the 180 cm3 applied per cm of
longitudinal trench length to the sand each day, 179.2 cm3
99.6% infiltrated the trench bottom Table 2. There was no
sidewall flow. The high acceptance by the trench bottom was due
to the high Kh of the sand and biomat and the large gradient
across the biomat due to the differences in Kh between these
layers. The matric potential just below the biomat in the sand
during the interval 15.3 to 16.3 d was about −27 cm. At this ma-
tric potential, Kh for the sand was a relatively high 5.97 cm d−1
in spite of the steep Kh curve typical of sand.
The water level in the trench varied in time and in location
across the trench. The soil closest to the drain pipe had the highest
water level varying between zero and a maximum ponding depth
of 3.7 cm at the end of a dose and the level decreased steadily to
unsaturated conditions before reaching the sidewall. At the side-
wall, water never ponded in the trench and consequently, there
was no sidewall flow. Ideally, the water levels should have been
uniform across the trench except at the instance when the dose
was applied. However, our model resulted in rather “sluggish”
flow in the trench that delayed movement of water through the
gravel. We do not think this had a substantial effect on any of
our results. Increasing the saturated hydraulic conductivity of
Fig. 6. Total flow out of the trench, flow out of the trench bottom,
and flow out of the trench sidewall in the clay loam sidewall biomat
Ks twice that of bottom biomat during a two-day cycle from 14.3 to
16.3 days. Flow is given in volume per unit longitudinal length of
trench per day. Water level in the trench is also shown.
Fig. 7. Hydraulic properties of the clay loam, biomat, and gravel for
the simulations of the clay loam with the same Ks for bottom and
sidewall biomats: a volumetric water content as a function of matric
potential head; b hydraulic conductivity as a function of matric
potential head
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the gravel might have helped with this problem but if we used
values larger than 1,000 cm d−1, the model became unstable with
the grid and time settings we used. Modeling unsaturated flow
in porous media with very different hydraulic properties
Ks1,000 cm d−1 for gravel and 1 cm d−1 for clay loam
biomats is particularly difficult Smith 1985.
Comparisons with Earlier Studies
Our results differ somewhat from those of Bouma 1975 who
used Eqs. 1 and 2 to calculate bottom and sidewall flow, re-
spectively. He found that about 50% of the total flow occurred
through the sidewall, whereas we found that 29–31% of the total
flow was through the sidewall in the clay loam and none in the
sand. We converted the trench bottom flows in our study to fluxes
for comparison with the Bouma 1975 study by dividing the bot-
tom outflows in Table 2 by the cross-sectional area of a half
trench 45 cm2. The resulting bottom fluxes for our clay loam
were 1.36–1.43 cm d−1, which were considerably higher than the
range in the Bouma 1975 study for clay soils their conductivity
class IV of 0.17–0.75 cm d−1. For the sand in our study, the
bottom flux was 3.98 cm d−1, which was a little lower than the
range in the Bouma 1975 study for sands their conductivity
class I of 5.8–7.5 cm d−1. To convert sidewall flows for the clay
loam simulation in Table 2 to fluxes, we divided by the average
height of ponding 9.5–10.9 cm depending on the sidewall
biomat Ks and the longitudinal length of trench in our simula-
tions 1 cm. The resulting sidewall fluxes were 2.40–
2.87 cm d−1, which were higher than the range in the Bouma
1975 study for clay soils of 0.17–0.62 cm d−1. So our simu-
lations predicted higher flow through the biomats in the clay
loam, especially at the bottom of the trench. We do not think the
difference was due to the use of Bouma’s Eq. 1 below we
show that it accurately predicts bottom flow, using our values
for biomat hydraulic resistances Rb. Rather, the difference was
likely due to the lower Rb used in our study. We used Rb
=15.6 d for the clay loam and 2.2 d for the sand bottom and
sidewall biomats based on field measurements in our soils by
Finch 2006. By comparison, Bouma 1975 estimated bottom
biomat Rb=54.3 d for trenches in clays and 6.3 d for trenches in
sands.
Our results are also contrary to those of Keys et al. 1998 who
estimated that over 60–90% of the flow out of a trench in sand
would be through the sidewall biomat and lip area. The authors
reported a range of hydraulic conductivities for the bottom biomat
area of 0.02–0.05 cm d−1. Presumably, these are unsaturated hy-
draulic conductivities of the soil and not the biomat hydraulic
conductivities based on the assumptions in Eq. 1 that a unit
gradient will apply and steady flux out of the trench through the
bottom and sidewall will be equal to Khs. The steady flux
through the bottom biomat in our simulations for the sand was
3.98 cm d−1. This is nearly two orders of magnitude greater than
the bottom area conductivity in Keys et al. 1998. They reported
that Ks of their sands were in the range of 144 cm d−1. Since we
used a Ks for our sand of 41 cm d−1 Table 1, the higher flow
through the bottom was unlikely to have been due to the hydraulic
conductivity of the underlying soil. Instead, it was probably due
to a less negative matric potential in the soil beneath the biomat in
our study. This was due to a lower biomat Rb in our study than
that in the trenches of Keys et al. 1998. If we had used a higher
Rb in our sand simulation, that might have caused more ponding
and sidewall flow.
Our simulations provided the opportunity to test Bouma’s
method for calculating the LTAR using Eq. 1. Using Bouma’s
method for the clay loam simulation, we set Zb=3 cm,
Kb=0.2 cm d−1, h0=10.5 the average ponding height on day
15.3–16.3 in Eq. 1. Using the Kh function described by
Eq. 5 with the parameters from Table 1, the value of hs that
resulted in an equal flux through the biomat and underlying soil
satisfying Eq. 1 was −11.1 cm. The associated unsaturated hy-
draulic conductivity at this matric potential head Khs was
1.49 cm d−1. Our simulated flux for the scenario with the same Ks
for bottom and sidewall biomats was 1.43 cm d−1, so Bouma’s
method did an excellent job of estimating steady flux through the
bottom in our clay loam soil. The reason this worked is the as-
sumption of a unit gradient was valid for vertical flow. This is
shown in Fig. 8, where the pressure head as a function of depth is
plotted for a vertical transect through the trench, bottom biomat,
and underlying soil at time of 15.85 days in the clay loam simu-
lation with the same Ks for bottom and sidewall biomats. Depths
are measured from the bottom of the biomat. Pressures are posi-
tive in the trench above the biomat and reach a maximum at
the top of the biomat indicating that approximately 12 cm of
water was ponded in the trench at this time during the third daily
dose. Pressures dropped sharply within the biomat and became
negative indicating matric potential heads. A minimum value
of about −14 cm occurred just below the biomat at a depth of
approximately 3 cm and this value remained constant within a
zone from about 3 to 10 cm below the top of the biomat. Clearly,
dh /dz=0 in this zone and flow was due entirely to gravity
dH /dz=1 or a unit gradient.
We were also able to check Bouma’s assumption of a unit
gradient for horizontal flow Eq. 2. A horizontal transect of
pressure head as a function of distance from the trench to the
left through the sidewall biomat and soil adjacent to the biomat
to the right in the clay loam simulation with equal sidewall and
bottom biomat Ks is shown in Fig. 9. The time of simulation was
15.85 days and distance was measured from the trench wall. The
transect was taken at a height near the middle of the sidewall
biomat 6 cm above the bottom of the trench. The pressure at the
zero distance was positive and indicated the depth of ponding in
the trench above the particular elevation of the transect. As the
transect passed through the sidewall biomat, the pressure dropped
sharply to about −25 cm at the biomat-soil interface a horizontal
distance of 3 cm in Fig. 9. At the interface, there was a sharp
change in slope and the curve was nearly linear out to a distance
of 60 cm from the trench. The pressure head gradient slope of
the pressure head curve is also plotted in Fig. 9. The gradient is
very negative within the biomat, but reaches a value of −1 one
just beyond the interface between the biomat and soil distance of
4 cm indicating that at this point dh /dx  1, as suggested by
Bouma et al. 1972 and shown in Eq. 2.
Since Bouma’s assumption regarding a unit gradient for hori-
zontal flow appeared to be valid, we thought it might be possible
to use Eq. 2 as a relatively simple way to find the sidewall
flow component of LTAR. For the clay loam simulation with
equal sidewall and bottom Ks, we chose a point approximately
midway up the wetted sidewall 5 cm above the bottom of
the trench to calculate the horizontal flux. With an average depth
of ponding for day 15.3–16.3 of 10.9 cm, this meant the depth
of ponding above this point h0 was on average 5.9 cm. Biomat
and soil properties were the same as before Zb=3 cm and
Kb=0.2 cm d−1, and the Kh function described by Eq. 5 with
the parameters from Table 1. The value of hs in Eq. 2 that
caused equal flow through the sidewall biomat and adjacent soil
was about −17 cm and the associated unsaturated hydraulic con-
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ductivity at this matric potential head Khs was 1.18 cm d−1.
Our sidewall flux was 2.40 cm d−1. Eq. 2, therefore, predicted a
sidewall flow that was about half that observed in our simulations,
so it appeared that using this equation would underestimate the
sidewall component of LTAR for a trench with shallow ponding
such as our simulations. The reason for the underestimation is
probably the assumption that only a horizontal gradient is present.
This is equivalent to assuming that all of the flow vectors near the
sidewall are horizontal. As can be seen in Fig. 5, flow vectors near
the middle of the wetted sidewall region are horizontal, but at the
bottom of the sidewall in the trench corner and especially at the
top of the wetted sidewall area, the vectors are not. In the trench
corner, there is a strong downward gradient pulling water into the
deeper soil. Similarly, at the top of the wetted area, capillarity
pulls water up into the dryer soil above. This is similar to the
two-dimensional gradients that occur beneath gravel particles that
mask the trench surface and cause accelerated flow Radcliffe
et al. 2005. Lateral gradients in the trench corner area should
also cause the Bouma 1975 method for calculating vertical flow
through the bottom to underpredict the actual flow, but this
was not the case as we have shown. The reason may be that the
effect of the corner area is less important when flow occurs across
the entire trench bottom 45 cm instead of just a small section
of the wetted sidewall 10.9 cm. The Bouma 1975 approach
may not work for estimating the sidewall component of the LTAR
in a trench with shallow ponding, but it might work for a trench
that was nearly full a worst-case scenario. In this case, flow
would be through nearly the entire sidewall area and the capillary
effect of the soil above and below the sidewall area might be
minimal.
Conclusions
We developed a new method for modeling water flow from OWS
trenches that includes the trench within the model space. That
allowed us to predict the level of water in the trench under
equilibrium conditions in a system that received three doses per
day. This is an alternative to previous modeling approaches that
specified the level of water in the trench as a boundary condition
Beach and McCray 2003; Radcliffe et al. 2005. With the new
method, the water level is dynamic and integrates the effect of
input to the trench from the drain pipe and flow out of the trench,
as it is affected by soil and biomat properties bottom and side-
wall. It allowed us to determine the water level that would result
once equilibrium conditions were reached and how pulsing might
affect flow over the lip of the sidewall biomat. The water level in
the trench is also something that is easily measured and may
provide a simple way of comparing model results with field
measurements.
Our estimates of sidewall flow in gravel systems installed in
two contrasting soil textures indicated that soil texture is impor-
tant. In simulations of the clay loam soil, we found that the water
level in the trench at steady conditions averaged a depth of
9.5–10.9 cm and that 29–31% of the total flow occurred through
the sidewall, depending on what assumptions were made about
the sidewall biomat Ks either equal to or twice the bottom biomat
Ks. In the sand soil, we found that water did not pond in the
trench next to the sidewall and there was no sidewall flow. Much
of the sidewall flow in the clay loam soil appeared to be in the
“lip” area just above the maximum height of the sidewall biomat.
With our new method of simulation, which included the trench
within the model space, we were unable to avoid a capillary rise
effect in gravel that may have caused exaggerated flow just above
the depth of ponding in the trench and through the lip area. Our
estimates of sidewall flow were less than the estimates of Bouma
1975 and Keys et al. 1998, apparently because we assumed
more permeable biomats.
Our simulations show that Bouma’s 1975 method of predict-
ing steady flow through the trench bottom using a simple equation
worked quite well in the clay loam soil. To use this method, an
estimate of the biomat Ks and thickness are required as well as the
depth of ponding in the trench and the unsaturated hydraulic con-
ductivity function of the underlying soil. This method offers a
promising approach for estimating LTAR in our opinion. Our
simulations also show that Bouma’s observation that a unit gra-
Fig. 8. Vertical transect of pressure head as a function of depth
through the trench, bottom biomat, and soil beneath the biomat in
the clay loam simulation with the same Ks for bottom and sidewall
biomats. Time of simulation is 15.85 d. Depth is measured from the
bottom of the biomat.
Fig. 9. Horizontal transect of pressure head and pressure head
gradient slope of the pressure head curve, unitless as a function
of distance from the trench wall to the left through the sidewall
biomat and soil adjacent to the biomat to the right in the clay
loam simulation with equal sidewall and bottom biomat Ks. Time
of simulation is 15.85 d. Transects were taken at the middle of the
sidewall biomat 6 cm above the bottom of the trench.
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dient may apply for lateral flow is true in the middle of the wetted
zone where sidewall flow occurs, but not in the area just above
and below the wetted area.
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